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phospholipids (GPIs)2 serve as membrane anchors for numerous cell-surface proteins (for reviews, see refs 1-3).
Unlike conventional polypeptide anchors, which have different transmembrane sequences and connect to specific cytoplasmic extensions, these phospholipid-like anchors use a common structure as a general mechanism for membrane attachment irrespective of protein function. Some examples of mammalian GPI-anchored proteins with diverse functions are given in Table   1 . GPI anchoring units are composed of a linear glycan containing a phosphoethanolamine (EthN), three mannose (Man) residues, and a nonacetylated glucosamine (G1cN)
linked to an inositol phospholipid (see Fig. 1 ). They are prefabricated in the endoplasmic reticulum (ER) and are added en bloc to primary translation products at the time of their translocation across the ER membrane. The GPImodified products then are glycosylated in the ER and Golgi and transported to the cell surface. Why certain proteins are expressed with GPI anchors is unknown. Photobleaching experiments have shown that GPI anchoring provides for rapid locomotion in the surface membrane (4) . Conventionally anchored proteins with short or truncated cytoplasmic sequences, however, exhibit close to the same mobility; when these anchors and GPIs are shuffled, the size of the ectodomain appears to be a more important determinant (5) . GPI-anchored proteins can be cleaved from cells by certain phospholipases-e.g., phosphatidylinositol-specific phospholipase C (PI-PLC)-and consequently can be released as hydrophilic derivatives (1) (2) (3) . No physiological function, however, is known to be associated with this release reaction. Because GPI anchors are attached to the outer membrane leaflet and lack intracellular extensions, it has been suggested that GPI anchoring could serve to restrict the activities of certain surface proteins to the cell exterior. Contrary to this notion, however, cross-linking of GPIlinked proteins results in signal transduction and cellular activation (6, 7) . Evidence indicates that GPI structures may target GPI-anchored proteins to certain membrane domains (8) and that localization of the proteins within these domains may be important for intracellular interactions. Other evidence, however, has indicated that this A partially purified prearation of E1" membrane proteins enriched for DAF was labeled with 'I. The labeled proteins were incubated with E#{176} A in the absence and presence of 100 ng/ml high-density lipoproteins.
After washing, the cells were lysed, the stroma extracted with SDS, and the extracts analyzed by 125 ha SDS PAGE/autoradiography. The FASEB Journal MEDOF ET AL. 
CHEMISTRY OF THE INCORPORATION PHENOMENON
The GPI anchor moieties of mammalian GPI-anchored surface proteins vary with respect to their inositol phosphohipids (30, 31). The inositol phospholipids in the anchors of proteins expressed on nucleated cells possess two glycerol-associated lipid groups (one alkyl and one acyl) that can interact with the cell membrane lipid hilayer (see Fig. 4 ). In contrast, the inositol phospholipids in the anchors of proteins expressed on erythrocytes possess an additional inositol-associated fatty acid that provides a third point of attachment with the lipid bilayer. In addition to this variability in mammalian anchor structures, parasites-e.g.
Leishmania donovani
and the insect stage of T. brucei-possess anchors in which a single glycerol-associated alkyl or acyl lipid is present (32). In principle, through the actions of phospholipases-e.g., phospholipase A2 (PLA2), which removes sn-2 acyl constituents from glycerol, or GPI-specific phospholipase D (GPI-PLD), which removes phosphatidic acid from inositol (see below) (33-35)-such "single-footed" anchors also could be generated from endogenous anchor structures in the course of cellular turnover.
To investigate the roles of different GPI anchor lipid groups in conferring stable integration of added GPI-anchored proteins into the lipid bilayer (36), endogenous DAF proteins bearing "two-footed" and "three-footed" anchor structures were prepared from human Hela epithelial cells and from Eh, respectively (see Fig. 5 ). In addition, synthetic DAF variants bearing glyceroland inositol-associated "single-footed" anchors were prepared by treatment of purified Hela cell DAF with alkaline hydroxylamine or GPI-PLD (Fig. 5) . The four DAF species differing in their anchor lipids were 125I-labeled, and the membrane uptake and complement regulatory activities of the labeled proteins were then assessed.
The endogenous two-footed (Hela) and three-footed The comparisons between Hela and E' DAF showed that two-and three-footed GPI-anchored proteins incorporate into the membrane and function with comparable efficiency. Although the manner in which lipid composition affects GPI anchor incorporation has not been studied, relevant information potentially can be drawn from studies using free phospholipids (37, 38). These studies have shown that when E' are incubated with sonicated phosphatidylcholine (PC) vesicles, PC transfers from the vesicles to the cells. When the acyl chain length of the PC in the vesicles is varied, the rate of transfer decreases with increasing chain length. Although the PC uptake resembles that of GPI-anchored proteins and is similarly temperature-dependent, direct analogies should be qualified because differences could exist in their incorporation mechanisms.
Moreover, the effects of the size and composition of attached polypeptides on GPI-anchored protein incorporation have not been assessed. the three-footed E structure with GPI-PLD. A one-footed alkylglycerol phospholiptd retaining the sn-i glycerol alkyl group was prepared by treating the two-footed or three-footed anchor with alkaline (pH 10.7) hydroxlyamine.
SIGNALS THAT DIRECT GPI ANCHORING
Nondenaturing PAGE gels shown adjacent to the products confirmed the conversion reactions by showing that the acylinositol product was susceptible to cleavage by hydroxylamine (H) but not PI-PI.,C (P), whereas the alkylglycerol product was susceptible to cleavage by P1-PLC but not hydroxylamine.
Cleavage is evidenced by a shift in migration from detergent-bound (B) to free (F) protein. The FASEB Journal MEDOF ET AL Subsequent to the initial reports (with CD8, HSV gDl, and murine H2Db protein) in which GPI reanchoring by GPI signal sequence chimerization was described, the methodology has been used to GPI-reanchor a variety of other conventionally anchored proteins. These proteins include murine class I MHC protein (47), T cell receptor (48), murine class II MHC protein (49), T lymphocyte CD4 (50), and macrophage colony-stimulating factor (M-CSF) (51). Although 3'-end coding sequence of any GPIanchored protein can be used, in most of these reported cases, DAF or placental alkaline phosphatase (PLAP) 3'-end sequence was used (see Table 2 ). differences have been observed in some instances between DAF-S-vs. DAF-L-chimerized proteins (53, 54). The FASEB Journal MEDOF ET AL. 
HIGH-LEVEL EXPRESSION
OF GPI-ANCHORED PROTEINS
PCR
A) The absence of downsteam charged resdues (possibly allowing increased freedom of passage of nascent polypeptides through the ER membrane) is one signal for CPI anchor processing. In the one case, Q7 ,i n which hydrophilic residues are present downstream of the C-terminal hydrophobic amino acids, the increased stability of membrane anchorage maybe c,Ifset by a charged residue, D, that is present in the transmembrane hydrophobic stretch. The amino acid residues that serve as the GP! acceptor site in each protein and constitute part of the second signal (see text) are shown in bold. The same features apply to nonmammalian proteins. B) The sequence elements in nascent polypeptide cDNAs used to confer GPI anchoring are shown by bars. A, Ava 2; E, Eco RI; X, Xmn 1; V. Eco RV.
tography, followed by affinity chromatography, 3) efficiency of elution from affinity columns often can be improved (depending on the mAB) if alkali is used rather than acid, and 4) readsorption of the product to an ionexchange resin and elution with salt can be used not only to reduce the detergent concentration in the eluted product, but also to substitute a different detergent. Recent studies have shown that a poly-H sequence can be incorporated upstream of the carboxy-terminal GPI anchoring processing signals and that Ni2 affinity chromatography can be substituted for antibody-based chromatography (J. Fayen, A. Chen, and M. L. Tykocinski, unpublished observations).
Reference sources that contain methodology for GPI-anchored protein isolation and cell incorporation include refs 12, 22, 36, 54, and 57-59.
PAINTING OF CELL SURFACES WITH GPI-ANCHORED PROTEINS
The availability of methodology to produce microgram to milligram quantities of recombinant GPI-reanchored proteins in conjunction with the incorporability of these molecules into cell surfaces provides a general means for modifying cell surfaces with exogenously added proteins, i.e., painting cell surfaces with externally added proteins of interest (see Fig. 7 ). Such cell-surface engineering using GPI-anchored proteins offers several advantages over traditional gene transfer approaches.
1) The method is applicable to cells that are difficult to transfect, e.g., primary cultures, bone marrow progenitors, and immune system cells.
2) The method can be used when only a small signals for GPI anchoring in a GPI-anchored protein (see Table 2 ). The 3) The cell surface can be modified irrespective of cell type. 4) The amount of the protein ultimately displayed on the cell surface can be precisely controlled.
5) Multiple GPI-anchored proteins can be incorporated sequentially or simultaneously into the same cells.
In conducting GPI-anchored protein incorporations into cells, our previous work has indicated that 1) detergent concentrations that are 1/lOth of the critical micellar concentration provide for maximal uptake (12, 36) with minimal cell damage; 2) carrier proteins with hydrophobic domains such as serum albumin or lipoproteins or whole serum (which also contains GPI-PLD) must be excluded from the incorporation mixtures (12); 3) 30#{176}C incubations give uptake approaching that attainable at 37#{176}C with less detergent injury to cells; and 4)1-3% of the offered protein is incorporated/h (see Fig. 8 ). Analyses of incorporated DAF molecules after their insertion into membranes have shown that in Esh the exogenously introduced protein does not decay over several days in storage and cannot be removed from the membrane, either by repeated washing or by leaching with DMPC vesicles. An additional criterion arguing that they are stably integrated into the membrane is that, unlike proteins bearing singlefooted GPI anchors that adhere tightly but nonspecifically to cell surfaces (see above), they cannot be cleaved (36) with GPI-PLD, an enzyme that rapidly degrades exposed but not membrane-associated GPI anchor structures integrated in their native configurations (33-35).
In conjunction with the finding that incorporated DAF molecules are fully mobile in the surface membrane in that small numbers of the added molecules are able to regulate many fold larger numbers of subsequently assembled C3 convertase complexes wherever they are initiated (see foregoing text), the latter finding provides strong evidence that the inserted DAF proteins are integrated in the membrane in their physiological orientation. 
CELLULAR ENGINEERING
VIA GPI PROTEIN
TRANSFER
Based on the foregoing discussion, three principal findings (see above) have laid the groundwork for using GPIanchored protein transfer as a cellular engineering tool. First, the original DAF incorporation studies, the incorporation of other GPI-anchored proteins, and the subsequent characterization of the chemistry of the process have established the principle that native GPI-anchored proteins can retain function after exogenous incorporation into cell membranes.
Second, GPI chimerization technology has afforded the ability to confer a GPI anchor onto (60) . In this setting, CD8 is presumed to be mediating its inhibitory function (63, 64) Science 243,
